Introduction
The theoretically predicted 100% spin polarization at the Fermi energy, ε F , of CrO 2 makes it a promising material for magnetoelectronic devices [1] [2] [3] . According to Jullière's model, the magnetoresistance (MR) of a ferromagnet/insulator/ferromagnet tunnel junction depends on the spin polarization of the electrode material used [4] . The MR increases with increasing spin polarization of the ferromagnetic electrode material. Also, injection of spins from ferromagnetic metals into semiconductors may be allowed only for highly polarized metallic electrodes [5] . Additionally, transition-metal oxides like CrO 2 , high-temperature superconductors and colossal magnetoresistance lanthanum-based manganates have attracted a lot of theoretical interest due to the complex interplay between orbital, structural and electronic degrees of freedom. This has revived research on half-metallic ferromagnetic transitionmetal oxides, especially CrO 2 , in the past few years. Unfortunately, CrO 2 is metastable at room temperature and atmospheric conditions and typically a thin Cr 2 O 3 layer covers the CrO 2 surface. Methods like photoemission (PES), ✉ Fax: +49-711/689-1912, E-mail: goering@mf.mpg.de X-ray absorption (XAS) or X-ray magnetic circular dichroism (XMCD) spectroscopy could not easily be used for examination of basic properties of CrO 2 , because of their intrinsic surface sensitivity. Therefore, only a few experimental results on single crystals or epitaxial-grown thin films have been published. Nevertheless, spectroscopic methods are able to give quantitative information about intrinsic magnetic properties of CrO 2 .
Experiment and results
CrO 2 crystallizes in a tetragonal rutile-type structure, where chromium atoms form a body-centered tetragonal unit cell. Cr sites are octahedrally surrounded by oxygen atoms. The apical axis of the oxygen octahedra is oriented along the [110] ([110] ) direction for the edge (bodycentered) Cr ions. The lattice parameters are a = b = 4.421 Å and c = 2.916 Å [6, 7] . CrO 2 is a metastable Cr-oxide phase at room temperature, orders ferromagnetically at T C = 393 K and degrades above 400 K at ambient atmospheric pressures into the thermodynamically stable Cr 2 O 3 phase. The CrO 2 film has been prepared by a chemical vapor deposition (CVD) technique proposed by Ishibashi et al. [8] . Al 2 O 3 (0001) substrates have been used, which were annealed at 1000
• C for several hours before deposition. During the deposition, the substrate was oriented at an angle of 30
• relative to the horizontal axis of the tube furnace. CrO 3 decomposes at a temperature of 260
• C within a two-zone tube furnace. A well-controlled flow of oxygen and a stabilized substrate temperature of 390
• C lead to approximately 200-nm-thick CrO 2 films. Characterization by X-ray diffractometry showed only CrO 2 (020) and (040) reflexes, indicating a preferred a-axis growth. Electron-diffraction analysis exhibits an artificial six-fold in-plane symmetry and a formation of twin boundaries [9] . A scanning electron microscopy (SEM) image of (010)-oriented CrO 2 crystallites on the Cr 2 O 3 (0001) initial layer is shown in Fig. 1 . The six-fold in-plane symmetry of the (0001) ple has been exposed to air. No further treatment has been performed.
X-ray absorption spectra were recorded at the bending magnet beamline SX 700 III at BESSY I. The monochromator energy resolution was set to E/∆E ≈ 1200 and the degree of circular polarization was 0.69 ± 0.05. Two Keithley 6517A electrometers were used for simultaneous measurement of the total drain sample current and the I 0 current from an Au-coated Cu grid. The I 0 grid was positioned in a µ-metal cylinder in order to prevent deviations produced by magnetic fields. A split-coil superconducting magnet system was used with a center bore of 5 cm and a maximum magnetic field of 30 kOe. All spectra have been recorded at magnetic fields of ±5 kOe. The XMCD signal was carefully checked for selfabsorption effects. Atomic absorption values of Cr and O have been extracted from tabulated values [11] and scaled to atomic densities in CrO 2 . We shifted and scaled our measured XAS spectra for both magnetization directions to fit the pre-edge region of oxygen and the post-edge region of Cr L 2,3 edges of the calculated tabulated values. Due to this procedure, the resonant behavior of the absorption in the near-edge region could be estimated quantitatively. The resulting absorption coefficient is shown in Fig. 2 . We extracted an absolute absorption length for the maximal absorption of 35 nm, which is significantly larger than the expected effective mean free path length of about 1.5 nm [12, 13] . After that, we modified our magnetic XAS spectrum (parallel and antiparallel alignment of helicity and magnetization) with the above-derived absolute absorption, using equation 5 and 7 from [13] . We compared observed small changes in the XAS spectra from normal to 60
• incidence with simulated self-absorption-induced changes and could obtain the best agreement with our XAS data for an effective electron mean free path of only 0.7 nm. We applied sum rules to the original and self-absorption-modified spectra and compared orbital and spin contributions. Absolute changes between normal and 60
• incidence are for the spin moment of −0.005µ B (−0.009µ B ) and for the orbital moment of −0.0004µ B (−0.0008µ B ) using an effective electron mean free path [12, 13] of 0.7 nm (1.5 nm). In comparison to the results of Nakajima et al.
[13], self-absorption effects are not as Photon Energy (eV) FIGURE 2 XAS spectra scaled to absolute CrO 2 absorption values averaged for parallel and antiparallel alignments of the photon k-vector and the sample magnetization for normal incidence (full line) compared to CrO 2 adapted Henke strong as expected for a 3d 2 system. Two different reasons are responsible for this reduction. CrO 2 has hybridization-related broadened L 2 and L 3 white lines, and therefore a strongly reduced maximal absorption compared to a pure metal spectrum with the same number of 3d holes. On the other hand, the chromium density and the Cr-related absorption coefficient are strongly reduced by dilution. Due to the nonlinear behavior, self-absorption is magnetically more effective for large differences between parallel and antiparallel orientations of sample magnetization and photon helicity, which is present in Fe or Co spectra but not in our CrO 2 spectra.
To prevent XMCD offset signals, we applied a small asymmetry of about 0.2 kOe in the external magnetic field, which does not influence the total sample magnetization [14] . To get a derivative-free XMCD signal the external magnetic field was flipped at each energy position. All shown XAS and XMCD spectra have been divided by the I 0 current, background-subtracted and edge-normalized. For parallel and antiparallel field alignments we used exactly the same background and the same normalization factor; therefore the shape of the dichroism spectrum is not affected. The photon beam was parallel aligned to the magnetic field. We show X-rayabsorption data for normal incidence Φ = 0
• and more grazing incidence Φ = 60
• (the geometry of the experimental setup is shown in Fig. 3) .
The upper part of Fig. 4 shows the Cr L 2,3 normalincidence absorption spectra of CrO 2 for parallel and antiparallel alignments of the photon k-vector and the applied magnetic field. In the lower part of Fig. 4 the corresponding XMCD signal for normal and grazing (60 • ) incidence is shown. An unusually clear and pronounced change in the spectral shape of the XMCD signal is clearly observable.
For a quantitative analysis, we calculated the projected orbital moments for the two given angles of incidence using sum rules [15, 16] . With a number of core holes n h = 8 (3d 2 configuration) we extract raw values of projected orbital moments for normal incidence L z (0 • ) = −0.041µ B and for more grazing incidence L z (60
• ) = −0.016µ B . Unfortunately, we
